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Structural information of special interest te crystal

device physicists is now available from high resclution menochromatic
synchrotron diffraction ~mag1ng (topography). In this review. the
importance of superior resolution in momentum transfer and in space is
described, and illustrations are takern from a variety of crys:als:‘gav;ium
arsenide, cadmium telluride, mercuric iodide, bismurh siiicon cxide, and
lithium niobate. The identificatior and detailec  underszznding ¢’ local

vaeriations in crvstal growth processss are shown., Finmallr. new

'r)

experimental opportunities now aveiliszble Ior exrvliciuaticr ar: niliatec
I. Sources of Current Interest
New types of materials with enormeous scientific and practical interest

are now being created by atomic or "ultramoleculsr engineering-" of
structures not found in nature. Successful fabricatiorn of such mezerials,
whether novel in structure or simply far freer of :imperfections than found

in nature, depends on detailed structural information. The degree of
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variations in structure.
I1. TYPES OF INFORMATION NOW AVAILABLE THROUGH DIFFRACTION IMAGING

In contrast to electror microscopy, which provides infermation on the
location of features in gmall regions of materials, d¢iffraction imaging can

portray minute deviations from crystal perfection over larger areas.

Diffraction imaging by monochromatic synchrotron x-radiation® pinpoints and-
permits analysis of irregularities that can affect physica: properties of

materials. For example, lattice strains lead te strong contrast in such

{ < ¥ L 3 pame s s 4 - [P - : .
lMEEges. &§ 1In Flguré 1; &nt ana.vsls of the patiernis 1T ChESE SCTTELTE Lal.
- -~ A PR e A - = . PR [ S
Leal TO & getailed understaniing oI nNoOw Tnev &rise TLRLLET YN
- =11 gy e 37 e’ - - - v e e fwemzaz o~ - A A .
N s:.—,;.‘.og‘:apnlc diglocations §€Tans outT 1T ThRE LmEege: oI LLED QuealLThd

crystals, as seen in Figure I.

Analysis of such images car provide not on.v evidence ol the presence

and distribucion of structural innomogeneities dul zlsc ar understanding o

o

<

their structure and origins. &4s & result. steps can be Taken to enhance oY

useful information on variation in high quality crystals that can be

correlated with specific aspects of their performance. Such a correlation
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I71. CURRENT EXPERIMENTAL COPPORTUNITIES
Synchrotren storage rings now permit far more cemprelensive and ugéful

realization of these opportunities than can be achieved with laboratory
sources because of three optical characteristics of such rings: their
effecrive small source size, their high brightness. and¢ the presence of &
continuous energy spectrum. Tﬁe small optical source size permits
formation of highly parallel x-ray beams, which are required for maximum
resolution. The smallest source size achieved to date, 140 micrqﬁe:ers,
has been realized in the large storage ring at the National Syncﬁrbtré;ﬂ

ight Source at Brookhaven Kational Laboratory. JIptics at the end of one

of its 20 meter beamlines car achieve at least 1. arc-seconc angular

resolution, or less than z micromeTer on the surfzce zI & dezzeczor in &

typical configuraticr. This resslutior can be furTtrner incrzassd through
suitable optics. With the optics descrinveld here ‘- Lndividual

dislocations are clearly seen as in Figure Z.

The high brighrness achievec in storege rings it central to several

i
"

pects of crystal charactericatiorn. First. high srightness enables one to
insert additional optics fer the improvement of angu.ar and spatial
resolution while maintaining & useful fiux of photons, as described later.

Second, high brightness permits observation of diffraction features in

transmission. The distinctive signatures of the dislocations observed in
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clearlv visible in some parts of the crvstal while absent in others that

e

appear equivalent in diffraction ir Bragg geometry. Analysis of such

differences provides information on the processes leading to their
formation®. Third, the high brightness of a storage ring permits video
camerz observation of Giffrsctior images in real time. This in turn

N
fscilitates surveys of subgrain boundary structure and of large scale

crystal strain that are cdifficult to observe and prohibitive in time by any

N

other means. Also important is the cazpability for in-situ experiments

ander environmental variatior of concitions such as temperature, pressure

or electri: and magnetic fields
Tre esvailatllizy ol & ir wavelength permits work ir
~vanSTission TRNET Wou.L CIOETVWilsE TGT DE nessibie because of abscrpTicn

-—p—

Thne uciiization of & momechromater with the continuum from & synchroTron

sTorzge Ting can provids Imporiant Turther advantages. The restriction o=

¢iffracting radiation tc & narrow speczral band substantially increases the

conzrast in an image over tnat ostiinable with a white beam &s in
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beam is increased by the same factor, bringing the resolution well under
cne arc-second. This can be reduced to much less than a tenth of an arc-

second with appropriate monochromator optics where necessary.

These advantages are dbeing realized on the National Bureau of
Standards (NBS) Materials Beamline %23A-3 at the National Synchrotron Light
Source (NSLS) at the Brocikhaver National Laboratorys. Figure 6 shows the
' £,7

x-ray optical configuration for diffraction imaging at this beamline

Two flat crystals (L. and LI} irn sequence control beam divergence end beam

ft

size and are arranged tc keep the beam position Vith respect to the sample
s¢  inZspendznt of the energy selected Ior study. The
fires monochromator crvsti. ‘L. intercepts the white radiation beamw Irom
tne storage Ting. This crvstal end the second (LZ) move anc rotate in
tander to the appropriate positions to give a highly paraliel,

----- eriergy with a desired dimension.
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Iz is important z¢ nave aveilable monochromatic beams witn variable
dimensions and flux densitv. The monochromator crystals. LI and L2 can be
configured in three different ways: a) symmetrical diffraction. resulting

in magnification of one; b) asymmetric diffraction in the magnification

mode, (providing a large size, more highly parallel beam); and c)
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successive szages of asymmetric Bragg diffraction. Such an x-ray image
magnifier produces an undistorted image, magnified up to 150 fold before
detectior either with film or with an image detector -7, The submicron

range of resclution in real time for crystals can thus be reached by

. - .

commerciallv available two dimensional image detectors wich a pra tic
resolution of about 30 micrometers. Figure 7 illustrates the formaticen of
a two dimensionally magnifie d image of a 0-diffracted (forward diffraction)

beamr in transmission. Such an x-ray magnifier carn be used also a&s & zoom

[ , . .
lens®. since & given pair of two asymmetrically cut crystals provides
cortinususlv cnanring magnification as different energies of the inmcilent

sean are seé.eczed by the coentrol svstem.

Tre use ¢f flat crvstal diffraction in an analyzer stage provides
2

acditionzl imperiant opportunitied for further anaiysis. Crystal L3 a-one

T ger for zevmmetric diffraction can act as an ideal angular anal¥ser

witr ar aperzure iess than one arc-second. This defines preciselx the

e

momen=ur transfer of ¥-rav photons detected after diffraction and
scatterirg. in conjunction with an incident beam prepared to be extremely
parallel by the monochromator system described above, such an analvzer

crystal is capable of providing for équi-d mapping (lattice parameter),

.
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ennC measured Iin g£izu on a real time basis under simulated environmental

conditions in white beam imaging now come within reach for monochromatic

imaging.
IV, TLLUSTRATIVE EXAMPLES

A crystai cbntaining distinct grains {which by definition differ in
crystallographic orientation) yields broad or structufed rocking curves in
conventlional x-ray diffraction. Diffraction images of such crystals
tvpically display sﬁarp contrast among the various grains. However. ever
vwhere the cifference in orientation is in excess gf several arc-mirnutes.

2z €iffraction from more than cone grair can be observed ani

ana-wvosl guantitatively if the crystal is suizebly oriented with restest Tc
The pe=m. ar ras been dome in Figure %, where, five greins can be distin-
coisned In such in;tances, the tilt of the individual grains ané their
OrieT.iETicn With respect to one another can be accuratelv determined from

-,

Tns tlear displacement of the images oI the various grains with resvect ¢

Broad rocking curves can arise also from a different source of

imperfection, which, in the absence of images, is sometimes confused with
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curve for the mercuvic Iodiis

Cwd s

¢ of cadmium telluride shows no meior sharp

¢ merouric iodicde, the ime

1y

rocking curve in this instance is traceable to relatively gradual,
irregular variation either in the lattice constant or in the lattice
orientation. Improvement of such crystals will clearly depend on the
particular types of crystal imperfection that are dominant. Steps taken to
reduce ;he nucleation or propagation of additional grains will be

ineffective in improving the quality of crystals whose perfection is

limiced prinéipall§ by more subtle inhomogeneit§ within individual grains,

perhaps due to impurities or deviation from stoichiometry.

Clearly delineated sharp subgrair boundaries are observed aisc in high

cuzlity crvstals. Such boundaries can seperate regioms of high

#ver. wner the orientation of the subgrains differs only by & few arc
seconds in the direction of the beam. as ic the case irn Figure 11 More

- Ll -

o= _zx boundaries can be resclved ever under unfavorabie conditions Iin

w-izh imperfections are more compiex. as is characteristic of undoped

Zz.lium srsenide, shown irn Figure 1z. The or‘entation'of each fezture is
indicated by changes in the visibilityv with change in diffractiorn. Highly
criented features in some parts of this image resuit from boundary

scattering in the interior of the crystal, while other features display

sharp contrast characteristic¢ of features located close to the surface.
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te in indiur cdoped gallx'T arvseride. as Ir
Tlgave 13 Geome=rical <eatures in & circular vegicnm of The center of &
boule appear to imply faceved growtin 1nn TRLE TeEIOD Thie is surrounded by

n

criations associated with pericdic fluctuation in one or more growih
parameters. An image of the central region of this boule is shown

magnified in Figure 14. The rectangular features characteristic of this
region are oriented aleng <ii{> directions. These different features in

ce between the melT and solid is

3
ot
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local regions indicate that the in

curved and changes in time during crystal growth®’.
V.  COMPREHENSIVE UNDERSTANDING )
A variety of strains anc other crystallographic irregularities can

thus be portrayved by diffraction imaging. Through such observations. the

cie that these defects plLzv can be correlated with specific aspects of

corresponding potential for their control where suitable sampies are

evaellable for study.

An .example of this aspect ¢ monechromatic synchrotron ¢lffraction
imaging is a recent stufv czrried ount on three slices taken from & sing.e

high quality boule of bismuth silicon oxide grown in the [001] direction as

shown in Figure 15%. The three slices were cut and polished perpendicular
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Slice I is shewn in Laue geomelIry in Figs is shown

second orientation in Laue geometry in Figure 19.

Analysis of these diffraction images permits us to unfold the
following sequence of steps in the faceted growth of the boule. Shortly
after necking, a small near-(001) growth plane had been established in the.
center of the growing face. Four peripheral {101} facets had alsoc been
ﬁarmedli These are depicted in Figure 20. By the time that the boule had
grown to the location of slice E, the (011) facet was growing more rapidly
than the others, causing it tc decrease in area as illustrated in Figure
21. Meanwhile, the central. near-(001) facet was growing nonuniformly.

Its growth rate was grezter in proximicy to the rapiély growing (0T1)

th

acet, causing the central near-:/00:; facet to deviate from a precise (0OCL:

orientation an¢ resul=zing ir straine observed as Zringes in the central

part of Figure 16.

Between the growtr of siice I and that of sliice I. the rate of growth

of the (011) facetr slowed. wnile the growth of the {i(l) facet increasec,

czusing a corresponding change in the shape of the related facets as

[11¢3

abstracted in Figure 2Z. The change in the orientation of the central
figures indicates that the slope of the central near-(001) face underwent a

corresponding change. By the time that the center of the boule had grown

10
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Specific aspects of this nonconstant faceted growth model are veriiie
in magnified portions of the diffraction images, Figure 24 and 25. Figure
24 illustrates continuity between fringes observed in the central region
ané the peripheral striations, supporting the faceted growth model where
growth of the central facet is at a slight angle to the (001) plane.
Cessatiqn in the growth of the (101) facet while the (0l11l) facet continued

to grow is illustrated in Figure 25.

The principal elements of 2 mathematical model that successfuliy

predicts flow during stable Czochralski growth for a flat interface*® are

n
[AN

estahliche

-~

§—o

strzved schematicallv ir Figure 2€. An outer flow cel

bv convective heating of the crucidble, while an opposing inmer flow cell is

\

€gTao.isnet DY TOoTatien oI Ths ETOWLTE JouLE. Lne gener‘; Ieatur ¢ TLLE

mathematica. model have been verified experimentailyi®. However. the

[l

[ED

svmmezrica. faceted growth found in the diffractior images regulires 2

modificarzior in this moce.. The development of facets influences anc Iin
fiuenced bv. chenges it the positiom of the boundary betwsen the

Two flovw cells, indic igure 27. The changes in flow are zssociatec

Tec itT

[

with corresponding changes in the temperature of particular growin

428]
4]
m

fa
1 5
2]
.
n

of the boule and hence control the growth morphology.

11
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hat can be observed a
acture of a device is Illustratecd iv
28, This image shows strains in & piece of lithium nicdate in
titanium. Such regions of the crystal wiil guide light to be switched or

modulated by electrodes that have yet to been installed‘ Observations can
be made first on & virgin material and at various stages in the finis
of the crystal and subsequent processing of a device in order te identify
the stages at which criti;al defects are introduced. Ancther example is

the observation of EL2 defects, which control the electrical compensation

of semi-insulating materials such as gallium arsenide, and their

correlation by laboratory topography with dislocation density?®.

VI. FUTURE DIRECTIONS

P

Wrnile imaging with monochromatic radiation removes ambigul

m
I
th

te
m
4]
i
m
[a]
Ve

sscclatec with Ciffraction of white radiation having

waveiengths, some ambiguity in the interpretation nevertheless remains.

ZomTrast Ir & menochromatic Image can be caused either by lattice parameter
verilations or by variatior in orientation of the crystal lattice.
Moreover. because of cifiering diffraction (scattering; angles. radiation

frow a defect appears ir ar image displaced from the image of the
immeciately surrounding undisturbed region. Diffraction from a surface

defect surrounded by a perfect crystal is illustrated schematically in:

Figure 29, in which spatial confusion in the diffracted image is shown and

12
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accomplistiec by "out naly
analvzing crystal so as to intercept
in Figure 8, where an analyzing crystal is depicied in “svmmetvrical
diffraction.” Examples of the results of such "out state analysis" are
shown in Figures 30 and 31, which picture images of the central regioh of

the indium doped gallium arsenide crystal previously shown in conventional

diffraction images Figure 2, 3, and 13.

When the analyzer crystal is set to pass "perfect crystal”
diffracfion, the contrast between diffracting and non-diffracting region§
is relatively high. This high contrast is caused by the interaction
between the beam in perfect crystal diffraction and the beams scattered

fror defects. When the analyzer crvstal is set to discriminate agalins

this “perfect crvstal” &iffraction from the matrix. the image is then
restricted ;o the scattering from the defects. Analyvsis of such simpliZiec

images should prove tc be more direct and thus less subject to models cZ

-

defect locatior than is the analysis of conventionai éiffraction Images.

Another opportunicr with menochromatic synchrotrorn radiation not ve:

-

v expioited is the ability to carry out experiments in real time while

ot

ful

observations are made with & video camera. One example whose feasibilicty

has been proved is the observation of changes in the strain in electrooptic

crystals as various electromagnetic fields are applied. Strains have been

13
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LBl

in summary, SGiffraccion Irsging can provicde & grest Ces:

info the physics and formation of electrooptiec, ph
ray sensitive crystals. Through exploitation of these opportunities, we
expect to expand our understanding of the role of defects, which may either
reduce or enhance the physical properties of these materials. Through
éollaboracion with crystal growers, we can thus optimize these parameter

through increase in the incidence and character of those defects that can

be utilized and reduction of these that interfere.
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Strain pattern
crvstal (slice

Dislocacion patterns in the 10 keV {(0s{; difirazc:
indium doped (D0l)-cur wafer of gallium arsen

b

Individual dislocations resolved in 8§ keV (aJl; diffraction from
the indium doped (00l )-cut wafer of galilium arsenide shown in the

previous figure, after fracture. .

Image of 13.4 keV diffraction in Laue geometry (transmission)
from (600) planes of the (001)-cut bismuth silicon oxide crystal
shown in Figure 1 in diffraction in Bragg geometry.

cémparison of & monochromatic laboratory (004) diffraction image
of iron-aluminum crystal with three white beam synchrotrron
topographs: (082), (220), and (040) of the same crvstal.

NBS materisls science beamline optics: arrangement of flat
crystal diffraction elements used for imaging. L1l: first

monochromator crystal, L2: second monochromator crystal, L3: ) - .

first erystal of x-ray magnifier, and L4: second crystal of x-ray

magnifier.

Image magnification: schematic beam path for two dimensional
magnification. This example shows the image formation for the O
(forward)-diffracrted beamr in transmission under the Bragg
condition. ’ :

Schematic of experimencal arrangement Iov "ouT state analysis.

& fourth cryvstal ivr addition To Twe monTonIo T zrvstals and

the sample being studiec passes tThe cifiractal Teanm only over &

narrow angular range, permitting observatict either cf cefect
itneut interference

images or of perfect (matrix) crvstel images wi
from the other type of image.

Image of 8 keV diffraction from (1 i 10: planes of & mosaic (001)
cut mercuric iodide crvstal.

"Conto.:r map" of strains in (111)-cut slice of cadmium telluride,
recorded by superimposing diffraction from (233) planes of
cadmium telluride recordecd at three diffraction angles differing
by 144 arc-seconds.
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Starp boundaries separating subgrains dif in

sbout 2 arc-seconds. shown in & kel Siffr i

of & (001)-cut undoped gai.ium arsenice wWaler. _I
curvec regions of strain thet procaces curved. continurus.y
varving contrast

Interacting dislocations observec in 10 KeV ¢iffraction ir Laue
geometry (transmission) from (20, plenes of (001)-cut undopec
gsliium arsenicde crystal.

Image obtained in Bragg geometry diffraction at 8 keV from (004)
crystal planes of the (001)-cut indium doped gallium arsenide
wafer shown in Figure 2 and 3 in Laue geometry.

Magnified portion of image of diffraction in Laue geometry at 10
keV from (400) planes of the (001)-cut indium doped gallium
arsenide crystal shown in Figures 2,3, and 13.

Relative positions of slices taken from a single high quality
8 mm boule of bismuth silicon oxide.

Diffraction image in Bragg geometry of ¢001)-cut slice E of
bismuth silicon oxide from (006) planes at B keV,

Diffraction image in Bragg geometry of (OOl)-cuE"slice I of
bismuth silicon oxide from (0 0 10} planes at 8 keV.

Diffraction image at 13.4 keV in Laue geometry from (080) planmes
of bismuth silicon oxide siice I, shown in Bragg geometry in
Figure 14,

Diffraction image in Laue gzeometrt cf bismuth silicon cxide slice
¥ from (0%0) planes &t 1Z < we¥ Tnis crystal is shown in EBragg
geometry in Figure . anf i encther orientation in Laue gecmeIry
in Figure &,

kbstraction of face of growing bismuth silicon oxide boule
shortly afrer initial necking.

Abstractior of faceteé grow:tr of bismuth silicon oxide boule
while slice E was being formed.

Abstraction of faceted growth of bismuth silicon oxide boul
while slice 1 was being formed.

Abstraction of faceted growth of bismuth silicon oxide boule
while slice K was being formed.
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Magrnification of regicn adiacert to the center. Irm the (1D
direction, of & (UlE c¢iffraction of slice 1 in Eragg geor iy 2t
§ keV. This sectior shows the boundarv between the centre.
rectangular near (001 fscet growth regiom containing frirges am
the peripheral (10i; facez growth.
Magnification of the 1i{: cormer regic. of a (430} diffractic:,
im;ge of slice ¥ in Leus geomezry at 13,4 keV. This ipage shows
strains in the [01{  dirsction. and thereby the cessation in the
growth of one of the fezete whlle an adiacert facer continued o

grow.

Schematic illustration of razsic elements in a model for the flow
in the bismuth silicon oxide melt as modified for stable flat
interface Czochralski growth.

Schematic illustration of basic elements in the model for the
flow in the bi Sﬂuun si icon oxide melt as modified for faceted
interface Czochralski growth. Competition between the two melt
currents causes changes in the relative rates of growth of the
various facets.

aniup indiffused lithium niobate showing

Diffraction image of ti-
s stage in the manufacture of a guided wave

strains caused by thi
device.

Schematic diagram of sources of image confusion caused by the

unfortunate combinatior cf defect strain and lattice orientation.
Magnified portiom cf (30x) &
of (00L)-cur indiux dotes gal
licon crv ' T

iium arsenide wafer as diffracted bv
pass the "perfect crysta
against defects.

if raction *mage of central portion

n
<t
™
)

Magnified porziorn ¢I .- ‘raction image of centra. porticr
of (00i)-cut indiur aopec gazliium arsenide wafer as diffractec by
ez silicon crystal orientel tc pass diffraction from defects and
zo discriminate agzimst "perfect crystal” diffraction.
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